Preliminary results on a large population-based molecular survey of FRAXA and FRAXE are reported. All boys with unexplained learning difficulties are eligible for inclusion in the study and data are presented on the first 1013 tested. Individuals were tested for the number of trinucleotide repeats at FRAXA and FRAXE and typed for four flanking microsatellite markers. Mothers of 760 boys were tested to determine the stability of the FRAXA and FRAXE repeats during transmission and to provide a population of control chromosomes. The frequency of FRAXA full mutations was 0.5%, which gives a population frequency of 1 in 4994, considerably less than previous reports suggest. No FRAXE full mutations were detected, confirming the rarity of this mutation. In the boys' X chromosomes, we detected one FRAXA premutation with 152 repeats and one putative FRAXE premutation of 87 repeats. No full or premutations were seen in the control chromosomes. A significant excess of intermediate alleles at both FRAXA and FRAXE was detected in the boys' X chromosomes by comparison with the maternal control chromosomes. This suggests that relatively large unmethylated repeats of sizes 41-60 for FRAXA and 31-60 for FRAXE may play some role in mental impairment. No instability was found in transmissions of minimal or common alleles in either FRAXA or FRAXE, but we saw two possible instabilities in transmission of FRAXA and two definite instabilities in transmission of FRAXE among 43 meioses involving intermediate or premutation sized alleles. We found no linkage disequilibrium between FRAXA and FRAXE but did find significant linkage disequilibrium between large alleles at FRAXE and allele 3 at the polymorphic locus DXS1691 situated 5 kb distal to FRAXE.
INTRODUCTION
Mutations at two loci on distal Xq, FRAXA and FRAXE, may cause mental impairment. Almost all deleterious mutations at the FRAXA locus are due to expansion of a CGG trinucleotide repeat at the 5′ end of exon 1 in the FMR1 gene (1) (2) (3) . This expansion can exist in two forms, an unstable premutation which has not been thought to be associated with mental impairment and which appears to have no effect on the level of the FMR1 protein (4, 5) , and the full mutation which is also unstable but in which the FMR1 gene is silenced by hypermethylation of the CpG island (6) . The absence of the FMR1 protein is the cause of the mental impairment and the subtle but characteristic phenotype of the fragile X syndrome (7) . While the degree of mental impairment associated with the full mutation in males is variable, the great majority have a moderate level of retardation with an IQ between 30 and 50 (8) .
The FRAXE locus was first identified in patients with folate-sensitive fragile sites at Xq27-28 but no evidence of CGG expansion at the FRAXA locus (9, 10) . Subsequent studies revealed FRAXE to be a polymorphic GCC repeat associated with a nearby CpG island, ∼600 kb distal to FRAXA (11) . In patients expressing the fragile site, the number of repeats is significantly greater than normal and there is concomitant hypermethylation at the CpG island (11) . As yet, the FRAXE gene has not been identified, although candidate genes have been suggested (12, 13) and it is assumed that such a gene would operate in a manner similar to FRAXA (14) . The FRAXE mutation is associated with a mild level of mental impairment but, unlike FRAXA, there appear to be no characteristic phenotypic features (15) (16) (17) . However, relatively few families with a FRAXE mutation have been described and thus information about its phenotype or the behaviour of the GCC repeat is sparse.
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In common with other triplet repeat diseases, FRAXE demonstrates anticipation with progressive increases in repeat number over successive generations in affected families (11, 14, 17) . Reductions in repeat number at FRAXE are also frequently observed, including reversions from a full to a premutation, and in this respect FRAXE differs from FRAXA (11, 16, 17) . Males with the full FRAXE mutation have been known to reproduce and may have affected daughters (16) , in contrast to FRAXA where full mutation males rarely reproduce and when they do so they transmit a premutation allele to their daughters (18) (19) (20) . There does not, therefore, appear to be the same sex-specific restriction on transmission of FRAXE alleles as is seen in FRAXA.
The incidence of the fragile X syndrome has generally been thought to be between 1 in 1000 and 1 in 2600 males, based on cytogenetic surveys of defined populations of individuals with mental impairment (21, 22) . However, it is now evident that the fragile sites observed included the rare fragile site FRAXE as well as the common fragile site at Xq28. Thus the incidence of FRAXA full or premutations in the population is not reliably known. The incidence of FRAXE full mutations is unknown. The majority of FRAXE full mutations reported have been ascertained as a result of testing for FRAXA. Screening surveys for FRAXE are rare; one recently reported survey found no cases of FRAXE full mutation in 300 males tested (23) .
We are currently undertaking a large population survey of boys aged 5-18 in the state school system who have learning difficulties for which there is no well established cause. We are also obtaining DNA from their mothers. The X chromosome passed from mother to son is considered the 'experimental' chromosome, while that not transmitted is the 'control' chromosome. The purposes of the survey include the determination of (i) the frequency of unusual alleles, including those in the pre-and full mutation size range, at the FRAXA and FRAXE loci in the experimental and control chromosomes; (ii) the haplotype in relation to four flanking polymorphisms (DXS548, FRAXAC1, FRAXAC2, DXS1691) in the region of the X chromosome containing the FRAXA and FRAXE loci and the relationship between the haplotype and size of the FRAXA and FRAXE alleles; and (iii) the stability of alleles in transmission from mother to son.
RESULTS
The total population of 5-18 year old boys in the region studied was 39 269, of whom 37 028 were in schools that agreed to participate. In the participating schools, there were 1502 (4%) boys who met our criteria for inclusion in the study and of these 1068 (71%) agreed to provide a DNA sample. The 434 boys from whom we did not obtain a sample consisted of 55 who declined to participate and 379 from whom we had no reply to our letters. We obtained a DNA sample from 760 mothers representing 71% of the participating boys. DNA was obtained from mouth brushes. We found no difficulty with this approach. Samples from 98% of boys and 95% of mothers yielded satisfactory DNA. Successful FRAXA results were achieved for 1013 boys and 726 mothers and successful FRAXE results for 992 boys and 725 mothers. The FRAXA and FRAXE alleles were partitioned into five categories on the basis of their size (Table 1) .
FRAXA locus
We identified five males with a full mutation among the 1013 boys with learning disabilities whom we tested ( Table 1) . Four of these boys were mosaics with both a pre-and full mutation sized allele and two were already known to us. The five fragile X boys were drawn from a total population of 37 028 boys. Of the 1502 eligible boys in this population, 1013 or 67% have been tested for FRAXA. Thus, in effect, the population size is 24 973 (67% of 37 028), giving an estimated population frequency of 1 in 4995.
The distribution of allele sizes for FRAXA is shown in Figure  1 and the distribution by category in Table 1 . When the minimal and common categories combined are compared with the intermediate and premutation categories combined, there is a significant excess of the latter class among the experimental chromosomes (χ 2 1 = 4.26, P = 0.039). The distribution of intermediate and premutation sized alleles in the experimental and control chromosomes is shown in Table 2 . As can be seen, the excess of large alleles among the experimental chromosomes appears to involve alleles across the whole size range, not merely those with >50 repeats.
FRAXE locus
We found no cases of FRAXE full mutation in 992 boys successfully tested, giving a 95% confidence interval of 0-0.003 (Table 1) . Of the 1502 eligible boys in the population, 992 or 66% have been tested for FRAXE. Thus, the population size is effectively 24 425 (66% of 37 028). If we assume that all FRAXE full mutation males would have been included among the eligible boys, the 95% confidence interval in the total population is 0-0.0001. Twenty-one boys and one mother failed FRAXE PCR testing although successful for FRAXA. All were from the first school visited in the survey and failed for at least one other marker. This suggests DNA of poor quality rather than an unrecognized cluster of FRAXE full or premutations. These individuals were excluded from the analysis. The distribution of FRAXE repeat alleles in the boys was compared with that in the control X chromosomes (Fig. 2) . The distribution in each group had two modes, one at 15 repeats and a second at 24 or 25 repeats; the two distributions appeared superimposable, apart from the right hand tail, which was longer in the boys, as described below. Alleles of >30 or <11 repeats were rare. The smallest allele observed in this series was of four repeats seen in a patient with a FRAXA full mutation. No alleles were sequenced, so deletions in the region flanking the triplet repeat cannot be excluded in this or any other patient. When the minimal and common categories combined are compared with the intermediate and premutation categories combined there is a significant excess of the latter class among the experimental chromosomes (χ 2 1 = 4.39, P = 0.036). The distribution of the intermediate and premutation alleles is shown in Table 2 .
Linkage disequilibrium
We confirmed the presence of linkage disequilibrium between DXS548, FRAXAC1, FRAXA and FRAXAC2, as has already been shown (24) (25) (26) . The 2-1-3 haplotype was much more frequent among alleles with repeat numbers >40 than those with <40 repeats (Table 3) . Among alleles with >40 repeats, there was a higher proportion of the 2-1-3 haplotype in the experimental than the control chromosomes, but the difference was not significant (χ 2 1 = 1.44, P>0.2). We also looked for linkage disequilibrium across the 600 kb FRAXA/FRAXE interval; analysis was performed on alleles grouped into categories for FRAXA and FRAXE and on individual pairs of alleles for the other loci. No significant disequilibrium was found between any loci across this 600 kb interval.
The dinucleotide repeat polymorphism physically closest to the FRAXE triplet repeat in our study is DXS1691, which lies ∼5 kb distal to the repeat. This polymorphism has three common alleles (1 = 106 bp, 2 = 104 bp, 3 = 102 bp) and we found a highly significant association between allele 3 and intermediate alleles at FRAXE (P<0.001). Ninety two percent of FRAXE repeats in the intermediate and premutation range are in association with DXS1691 allele 3 compared with only 28% in the common and minimal range (Table 4) . 
Stability of individual alleles
Stability during transmission was examined by comparing allele sizes in mothers and boys; in this way 726 female meioses were studied. At FRAXA, two possible changes in repeat number were detected, excluding full and premutations, and both were in the intermediate range; a reduction of one repeat from 43 to 42 and an increase of one repeat from 53 to 54. The large size of these alleles means that the PCR products generated have numerous 'stutter bands' and appear rather smeared. This makes interpretation difficult, hence we have described these as possible differences which await further investigation. At FRAXE, two cases of instability were detected. The first was an intermediate allele in a mother who had 37 and 17 repeats whose son had a mosaic pattern of 37 and 27 repeats in both buccal and blood samples (Fig. 3a) . A Southern blot showed a normal male pattern with a single band in the unmethylated range, excluding the possibility of further mosaicism into the affected range and also confirming the presence of only a single X chromosome in this individual. As expected, the two bands detected by PCR could not be resolved on the Southern blot. The second instance of instability at FRAXE was a putative premutation allele in a boy which had increased in size by 21 repeats, from 66 to 87 in transmission from mother to son (Fig. 3b) . Southern blot analysis showed the allele to be unmethylated in both individuals, with an expansion size consistent with the PCR data.
DISCUSSION
The frequency of 0.5% FRAXA full mutations in a population of males with learning difficulties is considerably lower than those reported from other surveys and is in part due to the fact that we tested many boys who had only borderline intellectual disability. In the majority of large surveys of boys with learning difficulties, some 2-4% were found to be fragile X positive by cytogenetic diagnosis (21, 22) . It is now generally agreed that the frequency of full fragile X mutations is considerably less than previously reported on the basis of cytogenetic surveys (27) (28) (29) . Molecular retesting of fragile X individuals originally identified in cytogenetic surveys gives an estimate for the frequency of full mutations of the FRAXA gene of ∼1 in 4000 males (28) . This is a minimum frequency because molecular retesting of cytogenetically positive individuals identifies all false positives but does not identify any false negatives. Common sense and experience dictate that such individuals exist (30) . While the frequency of 1 in 4994 males obtained in our survey is less than the recalculated estimates based on cytogenetic surveys, and also less than the frequency of 1 in 3625 males found in our pilot survey (27) , the differences among the three estimates are not significant (χ 2 2 = 0.23, P >0.8).
Thus the frequency of FRAXA may well be only 1 in 4000-1 in 5000 males in Caucasian outbred populations.
The frequency of premutations is critically dependent on their precise definition, and on the accuracy with which the number of repeats is measured. We found a single premutation sized allele for FRAXA among the experimental chromosomes. No premutations were seen among 726 control chromosomes, although we did observe one allele with 52 and one with 53 repeats in the controls (Table 2 ). There are a number of reports of the frequency of premutation sized alleles in FRAXA (31-33) . Unfortunately, the techniques used to determine the alleles and the definitions of premutation alleles differ widely among the surveys so it is almost impossible to compare them. In the largest (33), 21 248 X chromosomes were examined and 41 (0.19%) found with >55 CGG repeats. These data suggest that 1 in ∼500 X chromosomes carries a premutation sized allele as defined by Rousseau et al. Our data suggest that full mutations of the FRAXE gene are rare. There has been controversy over the FRAXE full mutation phenotype; although the majority of individuals identified with FRAXE full mutations have mild mental retardation (11, 15, 16) , others are said to be not significantly different from family members who do not carry the mutation (9) . Such findings may be due to assortative mating among the mildly retarded population, a situation not usually found in the more severely retarded, who tend not to reproduce. One boy studied had an unstably inherited FRAXE allele of 87 repeats, and to our knowledge this is the first example of a FRAXE premutation ascertained in the absence of a full mutation proband. Convincing non-mosaic premutations at the FRAXE locus have been rarely described, although premutation/full mutation mosaics are common (11, 14, 16, 17) . The apparent rarity of the FRAXE premutation in families in which the full FRAXE mutation is segregating may indicate that premutations are less stable in FRAXE than FRAXA.
Our finding of an increased frequency of intermediate FRAXA alleles among the probands is unexpected because it is thought that intermediate alleles and premutations have no effect on intellectual performance (34) (35) (36) . However, there are no studies in which intellectual performance in fragile X premutation carriers has been rigorously compared with intellectual performance in an appropriate control population. Recently it has been shown that premutations are associated with an increased risk of premature ovarian failure (37) and possibly also of twinning (38) , so it may be that they also have a subtle effect on learning ability. We found a similar significant excess of FRAXE intermediate alleles among the experimental chromosomes. If this unexpected excess of intermediate and premutation alleles for both FRAXA and FRAXE loci is independently confirmed, it will suggest that such alleles are not as benign as previously supposed. Interestingly, inspection of data from at least one other survey, in which sizes of repeats in chromosomes of retarded individuals are compared with those of appropriate controls, suggests a similar phenomenon (39) . Possible explanations for this apparent excess of intermediate alleles include: (i) somatic expansion in tissues not normally sampled such as the brain; (ii) unusual secondary structure at either the DNA or mRNA level, with a concomitant adverse effect on gene function (40, 41) ; and (iii) the presence of genes for mental retardation in linkage disequilibrium with the haplotypes associated with large alleles, i.e. 2-1-3 for FRAXA and DXS1691 allele 3 for FRAXE.
Linkage disequilibrium analysis on our data shows that the six markers tested can be viewed as two separate groups, group 1 (DXS548, FRAXAC1, FRAXA and FRAXAC2) and group 2 (FRAXE and DXS1691), with linkage disequilibrium within groups but not between groups. This is not surprising, given the physical distance of 600 kb between the groups. It is well established that large normal alleles and FRAXA pre-and full mutations are found more often than expected on a 2-1-3 haplotype for loci DXS548, FRAXAC1 and FRAXAC2 respectively (26) . Similarly at FRAXE, all intermediate alleles but one were associated with allele 3 of DXS1691 (Table 4 ). Both full FRAXE mutations previously detected by us (11, 14) also have allele 3 at locus DXS1691 as does the premutation case in the current survey. The excess of allele 3 in association with both large normal FRAXE repeats and full mutation alleles suggests that FRAXE full mutations can arise from a pool of large normal or intermediate alleles which are non-randomly associated with DXS1691 allele 3, and are at increased risk of expansion, presumably due to their size.
It has been suggested for FRAXA that one mechanism of triplet repeat expansion may involve the loss of an AGG triplet from within the CGG repeat as an initial mutational event (42, 43) . It is postulated that such AGG punctuation of the otherwise pure CGG repeat confers stability upon the repeat tract during replication, and hence loss of an AGG would increase the risk of instability (44, 45) . Evidence to date shows that the FRAXE repeat is pure (46, 47) and this suggests that length may be the main, if not the only, important indicator of the stability of a FRAXE allele. On the basis of present evidence, we suggest that alleles >30 repeats (i.e. the classes we term intermediate and premutation) be regarded as potentially unstable. Such alleles are rare, accounting for only 0.76% of our sample. Two of these, with 37 and 66 repeats respectively, were unstably inherited.
This on-going survey is accumulating a large sample of data which indicates a new, provisional estimate of ∼1 in 5000 for the prevalence of FRAXA. Continuation of the survey to include a further 3000 tested boys will refine this figure and also provide a more accurate estimate of FRAXE prevalence. The recognized associations between haplotype, trinucleotide repeat substructure and pattern of instability should become more clearly defined, enabling more confident predictions of the mechanism(s) of instability. In addition, more substantive data on the stability of intermediate alleles and their possible role in mild mental impairment should help to resolve important dilemmas in genetic counselling.
MATERIALS AND METHODS

The survey population and tests done
In order to identify boys in the state school system who were considered to have learning difficulties for which there was no established cause, we contacted the head teachers in all 253 state schools in the study districts and 240 agreed to participate in the project. The school medical officers obtained a list of the relevant boys in each participating school. The survey was not exclusive, and any boy considered to have learning difficulties was included.
The reason for this was our desire to obtain frequencies for the FRAXE mutation which is thought to be associated with only a mild degree of learning disability. When the population eligible for testing was identified, we contacted the parents by letter asking firstly whether they would be willing for us to obtain a mouth brush sample from their son and secondly whether the mother herself would be willing to provide us with a mouth brush sample. If within 3 weeks there was no reply to our initial letter, we sent a second letter. However, if we had no reply to the second letter no further action was taken.
DNA extraction and PCR
Each participating school was visited, and two mouth brushes, one from the inner aspect of each cheek, obtained from each boy for whom we had parental consent. A padded, addressed envelope containing two mouth brushes was sent to each consenting mother together with instructions for self-sampling. Buccal cells from both mouth brushes (Medical Wire and Equipment Co. Ltd, Corsham, Wiltshire, UK) were suspended in 500 µl of resuspension buffer (75 mM NaCl, 24.5 mM EDTA, pH 8.0), plus proteinase K (0.3 mg/ml) and SDS (0.2%) and incubated at 37_C overnight. DNA was extracted by the salt precipitation technique (48) . The resulting DNA pellet was resuspended in 50 µl of TE; 1 µl of DNA solution was used in each PCR reaction.
Initial PCR reations were carried out using fluorescently labelled oligonucleotide primers supplied by Oswel DNA service. Two multiplex PCR reactions were carried out; for FRAXA and FRAXE a final reaction volume of 15 µl was used with 1× Amplitaq buffer, 2.2 mM magnesium chloride, 0.2 mM dATP/dCTP/dTTP (Sigma), 10% dimethylsulphoxide (DMSO; Sigma), 0.15 mM 7-deaza dGTP (Boehringer), 0.05 mM dGTP (Sigma), 0.2 µM of primers c (labelled 5′ with 6-FAM) and f (31), 0.7 µM of primers 598 (labelled 5′ with HEX) and 603 (11) and 0.067 U/µl of Amplitaq (Perkin Elmer Cetus). PCR was carried out, following an initial hot start, for 30 cycles of denaturation at 95_C for 1.5 min, annealing at 65_C for 1 min and extension at 72_C for 2 min, followed by a final extension at 72_C for 7 min. The dinucleotide repeat multiplex was also in a final reaction volume of 15 µl plus 1× Amplitaq buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.05% glycerol, 0.3 µM of primers AC1A (labelled 5′ with TAMRA) and AC1B (24), 0.065 µM of primers AC2A (labelled 5′ with 6-FAM) and AC2B (24), 0.13 µM of primers F322 (labelled 5′ with HEX) and F010 (16), 0.13 µM of primers DXS548A (labelled 5′ with HEX) and DXS548B (1) and 0.05 U/µl of Amplitaq (Perkin Elmer Cetus). PCR was carried out, following an initial hot start, for 10 cycles of denaturation at 94_C for 1 min, annealing at 60_C for 1.5 min and extension at 72_C for 1.5 min. This was followed by a second round of amplification for 25 cycles, of denaturation at 94_C for 1 min, annealing at 55_C for 1.5 min and extension at 72_C for 1.5 min, followed by a final extension at 72_C for 7 min. From both multiplex reactions, 0.5 µl were mixed with 0.5 µl of ROX 500 molecular weight marker (ABI/Perkin Elmer) and 1.5 µl of formamide dye buffer, denatured and separated on a sequencing grade, 6%, polyacrylamide 7 M urea gel (Gibco BRL). The gels were run on an ABI 373A Stretch machine using 24 cm well to read plates for 8 h at 40 W, 2500 V and 35 mA. Gel data were analysed on 672 GENESCAN software (ABI/Perkin Elmer) and then imported into GENOTYPER software (ABI/Perkin Elmer) to assign alleles. Due to inefficient amplification of larger FRAXA and FRAXE alleles with fluorescent primers, a conventional 32 P-labelled PCR reaction was occasionally required (11, 27) .
As the PCR technique we used does not distinguish between homozygotes and hemizygotes for any allele and, as it does not amplify many expansions over 100 repeats, it is not possible to distinguish between females who are truly homozygous at the FRAXA or FRAXE loci and those with one normal sized allele and a second pre-or full mutation sized allele. Therefore, we obtained a blood sample from all women who appeared homozygous for FRAXA or FRAXE alleles for which the expected frequency of homozygosity was <1% and tested them by Southern blot analysis. This meant that we did not retest females who were apparently homozygous for the common FRAXA alleles with 29, 30 and 31 repeats and the FRAXE alleles with 14, 15, 16, 17 and 18 repeats. We also obtained a blood sample from any individual who appeared from initial PCR analysis to have a FRAXA allele with >50 repeats or a FRAXE allele with >40 repeats, and used Southern blot analysis to check for possible mosaicism into the full mutation ranges.
Southern blot
DNA (0.5 µg) was double digested with either EcoRI and BstZI (methylation-sensitive) for the FRAXA protocol or HindIII and NotI (methylation-sensitive) for FRAXE. Gels were Southern blotted and hybridized with 32 P-labelled probe, StB12.3 for FRAXA (34) or OxE20 for FRAXE (11) .
